INTRODUCTION
============

Homologous recombination (HR) is required for the maintenance of genomic stability, to prevent cancer development and to allow organisms to survive DNA damage ([@B1; @B2; @B3; @B4]). In the nucleotide bound form, the recombinases of the RecA family (bacterial RecA, eukaryotic Rad51 and Dmc1, etc.) are tightly regulated by a specialized class of mediator proteins that ensure that the assembly of a dynamic single-stranded (ss) DNA·recombinase filament occurs only when needed ([@B1],[@B2],[@B4; @B5; @B6]). Single-stranded binding proteins (bacterial SsbA/SSB and eukaryotic RPA) protect the ssDNA intermediates generated during HR from environmental insults, remove secondary structures and limit recombinase assembly onto ssDNA ([@B7]). A family of mediator proteins (e.g. bacterial RecO\[R\], eukaryotic Rad52 and BRCA2) have evolved to counteract the limitation exerted by their cognate single-stranded binding protein (SSB/SsbA, RPA) on the recombinase loading onto ssDNA ([@B8; @B9; @B10; @B11; @B12; @B13; @B14; @B15; @B16; @B17]). These mediator proteins can also catalyze other activities even in the absence of the recombinase. Indeed, *Bacillus subtilis* RecO plays an essential role not only in RecA-dependent double-strand break (DSB) repair, but also in RecA-independent plasmid transformation ([@B18],[@B19]). During natural transformation, RecO anneals complementary plasmid ssDNA molecules in the presence of SsbA, while RecA fails to promote this reaction ([@B19]). Note that unless stated otherwise, the indicated genes and products are of *B. subtilis* origin.

How RecO mediates homology search and annealing of SsbA--ssDNA complex remains elusive. RecO is a 255-residue-long polypeptide that has poor identity, although similar length, with *Escherichia coli* RecO (RecO*~Eco~*) protein. Only the N-terminal region of RecO shares a significant level of identity with RecO*~Eco~* (29% in the first 164 amino acids), but the identity drops to negligible levels when the C-terminal region is considered ([@B20]). The crystal structure of *Deinococcus radiodurans* RecO (RecO*~Dra~*) has revealed that the N-terminus of RecO*~Dra~* adopts an OB fold domain, also present in eukaryotic RPA or BRCA2 protein ([@B21],[@B22]). The SsbA protein (counterpart of SSB*~Eco~*), which is essential for cell proliferation, inhibits the spontaneous annealing of complementary DNA strands ([@B19]). SsbA (a 172-residue-long polypeptide) shares a significant degree of identity at their 105 N-terminal residues with other heterologous single-stranded binding proteins (e.g. bacteriophage SPP1 Ssb \[Ssb~SPP1~\] and SSB*~Eco~*, 44% and 38% identity, respectively), but little homology toward the C-terminal ends. However, a patch of high identity at their acidic C-terminal end is also detected (78% with Ssb~SPP1~ residues (SsbA residues 153--172) and 63% with SSB*~Eco~* (161--172)\] ([@B7],[@B15]).

In this study, we report that SsbA facilitates RecO-mediated strand annealing through the accumulation of non-productive ternary complexes, by protein--protein and protein--ssDNA interactions. Once these complexes are stabilized, they can interact via RecO molecules, leading to the formation of bridged structures, with RecO decreasing the half-life of the SsbA--ssDNA complexes. The annealing process is based on transient and random interactions between naked ssDNA segments facilitated by RecO and inhibited by SsbA. We propose that the ability of RecO to facilitate the dislodging of SsbA from ssDNA and the concomitant strand annealing is a crucial event for RecA-independent plasmid transformation.

MATERIALS AND METHODS
=====================

Enzymes, reagents and protein purification
------------------------------------------

All chemicals were p.a. grade and purchased from Merck Darmstadt, Germany. DNA restriction and modification enzymes and nucleotides were from Boehringer Mannheim, Germany. Ultrapure acrylamide was from Serva, Heidelberg, Germany.

RecO, SsbA and Ssb~SPP1~ proteins were purified as described ([@B15],[@B23]). RecO and Ssb~SPP1~ concentrations were expressed as moles of protein dimers and SsbA as tetramers.

EcoRI-cleaved 3197-bp pGEM 3Zf(+) vector was partially resected with T7 exonuclease (Invitrogen, Spain) to generate 5′-resected duplex DNA (or short 3′-ssDNA tails), as previously described ([@B24]). The EcoRI--AflIII-cleaved 440-bp pGEM 3Zf(+) DNA segment was gel purified as described ([@B19]). DNA concentrations were established using the molar extinction coefficients of 8780 and 6500 M^−1^ cm^−1^ at 260 nm for ssDNA and dsDNA, respectively. Unless otherwise stated, DNA concentrations are given as moles of nucleotides (nt).

DNA substrates and binding reactions
------------------------------------

Linear 440-bp \[γ-^32^P\]-ssDNA (7 µM) or AflIII-cleaved 2958-bp pBluescriptII KS(−) DNA (0.5 µM) was heat denatured as described ([@B19]). The 440-nt ssDNA fragment was incubated with variable SsbA, Ssb~SPP1~ or RecO concentrations for 40 min at 30°C in buffer A \[50 mM Tris--HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, 2 mM EDTA, 50 µg/ml BSA, 5% glycerol\] or buffer B \[50 mM Tris--HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, 10 mM magnesium acetate, 50 µg/ml BSA, 5% glycerol\]. The ssDNA was pre-incubated with SsbA or Ssb~SPP1~ (90 nM) for 10 min at 30°C in buffer A or B. Variable amounts of RecO were added and incubated for 40 min. Alternatively, a fix RecO concentration was incubated for variable times. The reaction mixture was deproteinized, run in a 6% polyacrylamide gel electrophoresis (PAGE), visualized and quantified as described ([@B19]).

A heat-denatured 2958-nt DNA (0.5 µM) or 5′-resected duplex DNA (0.65 µM in bp, with ∼7.8% of 3′-tailed ssDNA) was pre-incubated with SsbA (10 nM) for 10 min at 30°C in buffer C \[5 mM HEPES (pH7.5), 20 mM NaCl, 5 mM MgCl~2~\]. Then, the nucleoprotein complexes were incubated for fix (60 min) or variable times. Samples were incubated for 10 min at 30°C and diluted with buffer D \[5 mM HEPES (pH7.5), 50 µM spermidine\] before depositing on freshly cut mica as described ([@B25]).

The rate of dissociation of SsbA (4 nM) from 60-nt long \[γ-^32^P\]-poly\[dT\] ssDNA (90 nM) in buffer E \[50 mM Tris--HCl (pH 7.5), 30 mM NaCl, 1 mM DTT, 10 mM EDTA, 50 µg/ml BSA, 5% glycerol\] in the presence of a 20-fold excess of cold poly\[dT\] ssDNA and RecO (500 nM) was measured by using alkali-treated filters (millipore, HAWP 45 µm) as described ([@B26]).

Atomic force microscopy analyses
--------------------------------

Atomic force microscopy (AFM) observations were performed on a Nanoscope IIIa (Digital Instruments) in air using the tapping mode. The cantilever (OMCL-AC160TS-W2, Olympus) was 160 µm in length with a spring constant of 33--62 N/m. The scanning frequency was 2--3 Hz, and images were captured with the height mode in a 512 × 512 pixel format. The obtained images were plane-fitted and flattened by the computer program accompanying the imaging module. The 'tip effect' was removed using the apparent size of DNA as a reference. Volume analysis was carried out using the Image SXM software ([@B27]). Image processing of the topographs and height measurements were performed as described ([@B25]).

RESULTS
=======

RecO anneals complementary strands complexed with SsbA
------------------------------------------------------

Spontaneous strand annealing of complementary homologous 440-nt-long ssDNAs was measured to be ∼16% and ∼24% in the presence or absence, respectively, of Mg^2+^. The spontaneous renaturation was suppressed upon addition of SsbA, both in the absence or presence of Mg^2+^ ([Figure 1](#F1){ref-type="fig"}A and [Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). The heterologous Ssb~SPP1~, used as a non-specific control, also inhibited spontaneous annealing both in the absence or presence of Mg^2+^ ([Figure 1](#F1){ref-type="fig"}A and [Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). Figure 1.RecO anneals complementary strands complexed with SsbA protein. (**A**) A 440-nt long \[γ-^32^P\]-ssDNA (7 µM, in nt) pre-incubated with a fix amount of SsbA or Ssb~SPP1~ (90 nM) and incubated with increasing concentrations of RecO (125, 250, 500 and 1000 nM) or incubated with variable amount of SsbA or Ssb~SPP1~ (5, 7.5, 10, 15, 30, 60 and 90 nM) for 40 min at 30°C in buffer A. The products were separated and quantified as described in 'Materials and Methods' section. Inhibition spontaneous annealing by SsbA or Ssb~SPP1~ was similar, therefore only the data for the former are shown. (**B**) The ssDNA was pre-incubated with SsbA or Ssb~SPP1~ (90 nM, 1 protein/78-nt) in buffer A. Increasing concentrations of RecO (125, 250, 500 and 1000 nM, 1 RecO/28-, 14 nt or 7 nt) were added and the reaction incubated for 40 min at 30°C.

The addition of RecO facilitated the accumulation of annealed complementary DNA strands, both in the absence or presence of Mg^2+^ ([Figures 1](#F1){ref-type="fig"} and [S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). To determine whether RecO could overcome the inhibitory effect of SsbA or Ssb~SPP1~, the ssDNA probe was pre-incubated with SsbA or Ssb~SPP1~ (90 nM), followed by the addition of increasing concentrations of RecO (125--1000 nM) ([Figure 1](#F1){ref-type="fig"}B). SsbA facilitated RecO-mediated annealing of complementary strands ([Figure 1](#F1){ref-type="fig"}). The extent of RecO-mediated strand annealing increased with increasing RecO concentrations, but at a ratio of 1 RecO to 7 nt the extent of annealing was significantly reduced ([Figure 1](#F1){ref-type="fig"}). This effect, however, was overcome by increasing SsbA concentrations (1 SsbA/26 nt) (data not shown).

When the ssDNA was coated by Ssb~SPP1~, RecO was unable to catalyze annealing of complementary strands ([Figures 1](#F1){ref-type="fig"} and [S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). It is likely that the primary role of SsbA is to facilitate specific RecO--SsbA interaction that should be involved in the annealing of complementary strands, rather than removing DNA secondary structures and/or inhibiting non-productive RecO binding to ssDNA.

To further characterize the annealing reaction, ssDNA was pre-incubated with SsbA or Ssb~SPP1~ (1 protein/78 nt), followed by the addition of a fixed RecO amount for a variable time in the presence of Mg^2+^ ([Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). RecO was able to anneal ∼70% of the SsbA-coated complementary ssDNAs ([Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)), but it was unable to catalyze annealing of complementary strands when the ssDNA was coated by the non-cognate Ssb~SPP1~ protein ([Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). This is consistent with the observation that only SsbA interacts physically with RecO, albeit both SsbA and Ssb~SPP1~ share an acidic C-terminus ([@B15]).

Analysis of SsbA--ssDNA complexes
---------------------------------

To gain an insight in the mechanism by which RecO mediates homology search and annealing, the recombination intermediates between two non-complementary 3′-tailed duplex DNA, either coated or not by SsbA, were monitored by AFM. The naked ssDNA behaved as a disordered coil that made difficult its measurement. The measure of the duplex region of the 5′-resected DNA was variable, with an average of 876 ± 50 nm and 1027 ± 5 nm for the untreated linear DNA ([Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). From these data we can deduce that the DNA molecules had ssDNA ends of ∼80 nm (∼125 nt per termini or ∼7.8% of ssDNA on the duplex molecule) ([Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)).

SsbA, at a concentration of 1 SsbA tetramer/∼50 nt, formed discrete nucleoprotein complexes with 99% of the ssDNA region (*n* = 153, [Figure 2](#F2){ref-type="fig"}A). The SsbA particles bound to ssDNA increased the average height of the nucleoprotein complex to 7.8 nm, compared to the naked bush-like ssDNA that was ∼4.3 nm ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1), [Table 1](#T1){ref-type="table"}). Since the ratio used in these experiments was 1 SsbA/∼50 nt, it is likely that the ssDNA was totally coated considering its binding site size (65 nt) in the presence of Mg^2+^ ([@B7]). Figure 2.SsbA--ssDNA and RecO--ssDNA complexes. Selected images of SsbA--ssDNA complexes at 1 SsbA/∼50 nt (1 nM) (**A**) or RecO--ssDNA complexes 1 RecO/∼50-, ∼25 or ∼10 nt (1, 2.5 and 5 nM) (**B**) on 5′-resected duplex DNA. Scale bar = 200 nm. Table 1.Volume of SsbA--ssDNA, RecO--ssDNA and ssDNA--SsbA--RecO complexes in a 3′-tailed non-homologous substrateConditionFree DNA[^a^](#TF1){ref-type="table-fn"}High (nm)[^b^](#TF2){ref-type="table-fn"}Volume (in nm^3^) and frequencies[^c^](#TF3){ref-type="table-fn"} (in %)SsbA 1 nM\<17.8 (4.3)236 ± 7.4 (99)----RecO 1 nM∼45.7 (3.4)102 ± 12 (54)317 ± 32 (41)--RecO 2.5 nM∼14.2 (1.3)112 ± 10 (78)323 ± 29 (21)--RecO 5 nM∼14.0 (1.7)111 ± 7.1 (75)319 ± 32 (24)--SsbA 1 and RecO 1 nM\<113.4 (7.2)128 ± 12 (33)363 ± 30 (66)--SsbA 1 and RecO 2.5 nM∼116.7 (8.6)235 ± 42 (61)319 ± 33 (11)537 ± 17 (27)SsbA 1 and RecO 5 nM∼510.4 (5.6)103 ± 3.1 (74)224 ± 48 (25)--[^1][^2][^3]

The observed volume of SsbA in solution was ∼132 nm^3^ (data not shown), and it is in good agreement with the theoretical volume of tetrameric SsbA (∼120 nm^3^). The volume of the observed SsbA--ssDNA complexes was ∼236 nm^3^ ([Table 1](#T1){ref-type="table"}). It is likely that the ∼125-nt average tailed-end was bound by one or more SsbA molecules. In the latter case, perhaps the broadening of the tip did not permit direct visualization of the ssDNA linker ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)A). Since the expected length of the 3′-ssDNA is variable (see above) we cannot address if SsbA wraps around the ssDNA ends ([@B28]). SsbA bound to ssDNA ends failed to bridge two non-complementary DNA molecules by a direct protein--protein interaction.

RecO preferentially binds ssDNA
-------------------------------

RecO binding to ssDNA produced large nucleoprotein aggregates that failed to enter the gel, but RecO did not seem to form discrete complexes with dsDNA ([Figure 4](#F4){ref-type="fig"}, data not shown). Addition of a nucleotide cofactor had no effect on the binding (data not shown). To examine the type of complexes RecO formed with linear 5′-resected duplex DNA the reacting products were monitored by AFM. In the presence of 1 RecO/∼50 nt, RecO only formed discrete complexes at the ssDNA ends of the duplex molecule (∼96 %, *n* = 174) ([Figure 2](#F2){ref-type="fig"}B, [Table 1](#T1){ref-type="table"}). However, at a ratio of 1 RecO/∼10 nt, RecO formed discrete complexes at ssDNA ends (∼99%), but could also bind duplex DNA regions, albeit at low frequency (7.1%, *n* = 177) ([Figure 2](#F2){ref-type="fig"}B). We considered the possibility that RecO binding to dsDNA resulted from the enlargement of pre-existing nicks upon T7 exonuclease treatment. Arguing against this possibility was that SsbA binding to these 'putative enlarged nicks' was not observed.

RecO formed discrete globular shaped structures on ssDNA, larger than the expected for monomers ([Figure 2](#F2){ref-type="fig"}B) and consistent with the observed formation of dimers (15, [Table 1](#T1){ref-type="table"}). In the presence of 1 RecO/∼50- or ∼25 nt, the height of RecO particles was similar ([Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1), [Table 1](#T1){ref-type="table"}). Since the dispersion of the data is negligent at higher protein concentrations (1 RecO/∼50 nt), at a low RecO:ssDNA ratios (1 RecO/∼50 nt) the ssDNA was not saturated, and both naked ssDNA and RecO--ssDNA complex could have still co-existed.

The theoretical volume of dimeric RecO was ∼96 nm^3^. The volume of RecO--ssDNA complexes revealed discrete peaks that agreed with the theoretical volume of RecO dimers and possibly two or three interacting dimers bound to ssDNA ([Table 1](#T1){ref-type="table"}). RecO bound to ssDNA ends, bridged the two non-complementary ends of a duplex (intramolecular) or the ends of different molecules (intermolecular bridging), by direct protein--protein interaction ([Figure 2](#F2){ref-type="fig"}B and [Table 2](#T2){ref-type="table"}). Intermolecular bridging is also observed with eukaryotic Rad52 ([@B29]). Unlike eukaryotic Rad52, which binds and wraps ssDNA ([@B30],[@B31]), RecO bridged two ssDNA molecules. Table 2.SsbA increased RecO-mediated bridging of ssDNA ends in a 3′-tailed non-homologous substrateConditionBound[^a^](#TF4){ref-type="table-fn"}End bridged DNA molecules (in %)1[^b^](#TF5){ref-type="table-fn"}2[^c^](#TF6){ref-type="table-fn"}3[^c^](#TF6){ref-type="table-fn"}\>3[^c^](#TF6){ref-type="table-fn"}Total bridged (*n*)[^d^](#TF7){ref-type="table-fn"}SsbA 1 nM\>99NDNDNDNDND (153)RecO 1 nM91.81.42.20.4\<14.2 (174)RecO 2.5 nM90.85.33.10.7\<19.2 (151)RecO 5 nM79.31.113.51.74.420.7 (177)SsbA 1 nM, RecO 1 nM72.25.210.42.69.627.8 (117)SsbA 1 nM, RecO 2.5 nM48.62.230.413.05.851.4 (138)SsbA 1 nM, RecO 5 nM54.55.816.213.510.045.5 (115)[^4][^5][^6][^7]

SsbA increases RecO-mediated bridging of heterologous ssDNA molecules
---------------------------------------------------------------------

To understand the mechanistic role of SsbA in RecO-mediated strand annealing, the interaction of RecO with SsbA and ssDNA was analyzed. Non-complementary 5′-resected duplex DNA was pre-incubated with SsbA (1 SsbA/∼50 nt) and then incubated with increasing concentrations of RecO ([Figure 3](#F3){ref-type="fig"}). In the presence of SsbA, the height of protein--ssDNA particles, at ratios of 1 RecO/∼50- and ∼20 nt, were 13.4 and 16.7 nm, respectively. The 3′-tailed end could accommodate both proteins, as revealed by the increased volume of the complexes ([Table 1](#T1){ref-type="table"}). However, in the presence of 1 RecO/∼10 nt the volume of the nucleoprotein complexes were significantly smaller (10.4 nm, [Table 1](#T1){ref-type="table"}), suggesting that the SsbA--ssDNA complex was disrupted and, hence, explaining the decrease in the rate of annealing when excess RecO was added. Figure 3.RecO bridges SsbA--ssDNA complexes. (**A**) Selected images of nucleoprotein complexes on 5′-resected duplex DNA. (**B**) Histogram showing the height of the naked ssDNA and the quaternary (ssDNA--SsbA--RecO--ssDNA) or quinary (ssDNA--SsbA--RecO--SsbA--ssDNA) complexes. Scale bar = 200 nm.

SsbA bound to tailed ends failed to promote end-bridging ([Figure 2](#F2){ref-type="fig"}A). However, RecO interaction with itself promoted intermolecular bridging that occurred with ∼10-fold higher efficiency when SsbA was present. RecO interaction with SsbA-bound to ssDNA led to the accumulation of transient quaternary (ssDNA--SsbA--RecO--ssDNA) or quinary (ssDNA--SsbA--RecO--SsbA--ssDNA) complexes ([Figure 3](#F3){ref-type="fig"}, [Table 2](#T2){ref-type="table"}). From these results we deduce that: (i) the interaction of SsbA with ssDNA removes secondary DNA structures and inhibits spontaneous annealing; (ii) RecO interactions with itself and with SsbA-bound to ssDNA facilitates the formation of bridging complexes and (iii) RecO might promote dislodging of SsbA from ssDNA.

RecO destabilizes SsbA--ssDNA complexes
---------------------------------------

To address whether RecO destabilizes SsbA from the SsbA--ssDNA complex, filter binding assays were performed. RecO only forms transient complexes with poly\[dT\]-ssDNA that cannot be trapped in a filter ([Figure 4](#F4){ref-type="fig"}, insert), whereas SsbA binds with high affinity to this ssDNA. The time-dependent decrease of SsbA--ssDNA complexes (1 SsbA tetramer/22 nt), upon addition of 20-fold excess of cold ssDNA and RecO, was used to calculate the half-life of the SsbA--ssDNA complex. The half-life of the SsbA--ssDNA complex was 18.3 ± 1.7 min.

In the presence of RecO, the half-life decreased ∼2-fold to 8.4 ± 0.6 min ([Figure 4](#F4){ref-type="fig"}). Figure 4.RecO destabilizes SsbA binding to ssDNA. The 60-nt \[γ-^32^P\]-poly\[dT\] DNA was pre-incubated with SsbA (4 nM, 1 SsbA/22 nt) for 15 min at 37°C. Twenty-fold excess of 60-nt cold poly\[dT\] DNA and RecO (500 nM, 1 RecO/3 nt) were added (time zero) and sampling begun. The reaction was stopped by ice-cold buffer at different times, and filtered through KOH-treated filters. Radioactivity retained on the filter was determined by scintillation counting.

The half-life of the Ssb~SPP1~·poly\[dT\]--ssDNA complex was short living (≤1 min) (data not shown). Since RecO did not interact with the non-cognate ssDNA binding protein, Ssb~SPP1~ ([@B15]), and (ii) Ssb~SPP1~-promoted DNA secondary structure removal did not facilitate RecO-mediated strand annealing, it is likely that RecO plays an active role in destabilizing the SsbA--ssDNA complexes rather than competing for ssDNA binding.

RecO performs homology search and strand annealing
--------------------------------------------------

RecO-mediated strand annealing between two long homologous DNA strands was monitored by AFM. SsbA-bound to 2958-nt long ssDNA removed secondary structures, but failed to bridge complementary strands ([Figure 5](#F5){ref-type="fig"}). SsbA-bound ssDNA markedly increased the frequency of bead-shaped RecO (1 RecO/∼20 nt) interactions with SsbA (1 SsbA/∼50 nt) and with itself, leading to the accumulation of transient quaternary or quinary intermediates bridged structures ([Figures 5A](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}, steps 1 and 2). Optimal annealing occurred in the presence of both proteins. At type A intermediate (bridged structures) RecO facilitated SsbA partial dislodging from ssDNA and bridging of two 'naked' homologous segment. Consequent RecO facilitation of transient random interactions until a complementary region is found, results in the propagation of strand annealing of complementary strands ([Figures 5](#F5){ref-type="fig"}B and [6](#F6){ref-type="fig"}, steps 3 and 4), with SsbA removing secondary structures. Indeed, RecO promoted interaction between homologous segments facilitates local Watson--Crick-type base pairing, with the conversion of bridged structures (intermediate A) into bridged structures with paired segments (intermediate B) and type B intermediates into duplex DNA ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}, steps 3 and 5′). This stabilization can result in RecO-mediated propagation of annealing of complementary strands. Once the DNA becomes base-paired, RecO and SsbA are released from the duplex, consistent with the lower affinity of RecO for dsDNA and with the incapability of SsbA to bind dsDNA ([Figures 5](#F5){ref-type="fig"}A and [6](#F6){ref-type="fig"}, steps 5 and 5′). Figure 5.RecO bridges SsbA--ssDNA and promotes strand annealing. (**A**) Heat-denatured 2958-nt long ssDNA was pre-incubated with SsbA (10 nM, 1 SsbA/50 nt) in buffer C. RecO (25 nM, 1 RecO/20 nt) was added and the reaction incubated for a variable time. Scale bar = 200 nm. (**B**) Time course of the reaction. Samples were taken at 30 (*n* = 43), 60 (*n* = 86), 90 (*n* = 49) and 120 min (*n* = 55) and the proportion of type A and B intermediates and final product of the recombination reaction were quantified. Figure 6.RecO mediates strand annealing of SsbA-coated ssDNAs. ssDNA was pre-incubated with SsbA (10 nM, 1 SsbA/50 nt, step 1) in buffer C. RecO (25 nM, 1 RecO/20 nt, step 2) was added and the reaction incubated for a viable time (steps 3 to 5′). In steps 3 and 4, a partial RecO-mediated dislodging of SsbA leads to RecO promoted homology search and strand annealing. In steps 5 and 5′, RecO-mediated strand annealing leads to the naked dsDNA product. The samples were taken at different times. Schematic representation of the images is shown below. Scale bar = 200 nm.

DISCUSSION
==========

The RecO protein plays a central role in various HR processes. In this paper, we show that SsbA or Ssb~SPP1~ bound to ssDNA inhibits the spontaneous renaturation of complementary DNA strands. RecO-mediated annealing increased ∼80-fold when the ssDNA was coated with SsbA, irrespective of the Mg^2+^ presence ([Figures 1](#F1){ref-type="fig"} and [S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). SsbA facilitates RecO-mediated strand annealing through the accumulation of non-productive ternary complexes, by protein--protein and protein--ssDNA interactions. The short-living Ssb~SPP1~--ssDNA complex, however, inhibited RecO-mediated annealing of complementary ssDNA strands ([Figures 1](#F1){ref-type="fig"} and [S1](http://nar.oxfordjournals.org/cgi/content/full/gkq533/DC1)). Indeed, deletion of the C-terminal 'acidic tail' of SSB*~Eco~* or SsbA suppresses the interaction with RecO*~Eco~* or RecO, respectively, and blocks the action of the RecO modulator (7,32; data not shown).

It has been widely reported that a subset of 'recombinase mediators' (namely bacterial RecO/RecO*~Eco~* and eukaryotic Rad52) promote the annealing of complementary strands coated with a species-specific single-stranded binding protein, which by themselves inhibit spontaneous annealing, in the absence of any energy cofactor (11,13,19,21,33--35, this study). However, there are marked differences in the way this is achieved: (i) RecO (this study) or Rad52 ([@B33]) binds preferentially ssDNA, independently of the presence of Mg^2+^ ions, with at least 20-fold higher affinity and/or stability than to dsDNA([@B13]); RecO*~Eco~*, on the other hand, binds ssDNA and dsDNA with similar efficiency, but only in the presence of Mg^2+^ ([@B13]); (ii) RecO*~Eco~*-mediated strand annealing strictly requires Mg^2+^ ions ([@B13]); and (iii) the rate and extent of RecO*~Eco~*- or Rad52-mediated DNA strand annealing is significantly reduced in the presence of their cognate ssDNA-binding proteins, SSB*~Eco~* or RPA, respectively ([@B11],[@B30],[@B31]).

To gain an insight into the mechanistic role of RecO-mediated strand annealing we have used AFM to visualize the accumulation of non-productive ([Figure 3](#F3){ref-type="fig"}) or productive ([Figure 5](#F5){ref-type="fig"}) recombination intermediates. RecO forms discrete globular shaped structures, larger than the monomer volume, on ssDNA. This is consistent with the observation that RecO forms dimers in protein cross-linking experiments ([@B15]), and the putative involvement of RecO*~Dra~* C-terminal end and the OB-fold in the protein self-interaction, despite it crystallizes as a monomer ([@B21]).

Unlike RecO ([Figure 3](#F3){ref-type="fig"}), Rad52 forms homo-oligomers of seven or more subunits with the ssDNA wrapping around ([@B35],[@B36]). Furthermore, the single-strand annealing proteins (SSAP) as RecT*~Eco~* or the recombinase RecA*~Eco~*, in the ATPγS bound form, are organized as ring-shaped structures and can assemble as helical filaments when they are in presence of ssDNA ([@B37],[@B38]). Pairing proteins of the SSAP and the RecA families promote unidirectional polymerization on ssDNA and strand annealing, in the presence of a divalent metal ion or a divalent metal ion and a nucleotide cofactor, respectively. Both RecA*~Eco~*·ATP·Mg^2+^ and RecT*~Eco~*·Mg^2+^, when complexed with ssDNA, accumulate large networks of co-aggregates where homology search occurs ([@B38; @B39; @B40; @B41]). Co-aggregation was shown to facilitate the establishment of homologous contacts and the determining factor for recognition of homology was proposed to be the unstacking of bases that allow base flipping and switching at A:T-rich regions ([@B38; @B39; @B40; @B41; @B42]). A plausible explanation on how RecO-mediated DNA strand annealing occurs would be: (i) SsbA bound to ssDNA recruits RecO to form a ternary complex (ssDNA--SsbA--RecO), but such protein--protein interaction *per se* might not promote SsbA dislodging from ssDNA; (ii) RecO interaction with SsbA--ssDNA and with itself leads to the formation of bridged structures, with RecO decreasing the half-life of the SsbA--ssDNA complexes; and (iii) RecO once bound to naked ssDNA distorts the structure of ssDNA and prevents SsbA binding or relief it from ssDNA ([@B42]). Alternatively, RecO by interaction with SsbA facilitates the spontaneous SsbA sliding along ssDNA ([@B43]), favoring its displacement from ssDNA. The annealing process is based on transient and random interactions between naked ssDNA segments facilitated by RecO and inhibited by SsbA, with RecO facilitating homology search. Indeed, the ssDNA bound to RecO*~Tth~* has structural properties similar to that of ssDNA bound to RecA*~Eco~*·ATP·Mg^2+^ or RecT*~Eco~*·Mg^2+^, suggesting that disruption of base stacking and base flipping are conserved mechanisms ([@B42],[@B43]). RecO-mediated annealing of complementary strands is produced in the absence of metal ions or large networks of co-aggregates ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). It is likely that these functionally unrelated proteins mediate DNA strand annealing by a different *modus operandi*. In addition, homology search occurs in the presence of both proteins ([Figure 6](#F6){ref-type="fig"}, steps 3 and 4) with SsbA facilitating RecO-mediated bridged structures. On the contrary, SSB*~Eco~* limits RecA*~Eco~*·ATP·Mg^2+^ or RecT*~Eco~*·Mg^2+^ filamentation onto the DNA, hence preventing homology search ([@B7]).

These and previous results suggest that RecO has three activities coordinated by SsbA: (i) it recruits RecA onto SsbA-coated ssDNA ([@B15],[@B23]); (ii) it modulates the extent of RecA-mediated DNA strand exchange ([@B15]); and (iii) it bridges SsbA-coated ssDNA molecules, which, when complementary, promote annealing (this study). The first two activities work at the pre- and synaptic stages respectively and are essential for RecA-dependent DSB repair during HR ([@B15],[@B23]). On the other hand, RecO-mediated strand annealing is critical for RecA filament extension and strand exchange during RecA-mediated recombination (postsynaptic stage) ([@B15],[@B23]), in a similar manner as reported for eukaryotic Rad52 ([@B44],[@B45]). RecO is also important in RecA-independent genetic recombination. We have previously reported the involvement of DNA recombination and RecO during natural transformation ([@B19],[@B20]). We propose that RecO-mediated annealing facilitation of plasmid establishment in natural competent cells is key to successful transformation and, hence, it indirectly contributes to the lateral acquisition of plasmid-borne multi-drug- resistance genes.
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[^1]: ^a^Percentage of protein-free ssDNA at given protein(s) concentrations.

[^2]: ^b^The median high, in nm, is indicated, and the IQR are denoted between parenthesis.

[^3]: ^c^The volume of the protein--ssDNA complexes are shown and their frequencies represented as percentages.

[^4]: ^a^Percentage of ssDNA molecules bound to given protein(s).

[^5]: ^b^Percentage of bridged ssDNA ends in the same ssDNA molecule (intramolecular bridging).

[^6]: ^c^Percentage of intermolecular bridging involving two, three or more ssDNA ends.

[^7]: ^d^Total bridged molecules (in %), and in parenthesis total number of molecules analyzed. ND, not detected.
